Evaluation on deep sea disposal of radioactive waste into the North Pacific on the basis of diffusion process is done using a simplified model. The results of calculation by employing different sets of diffusion coefficients on the horizontal and vertical directions show that for the smaller diffusion coefficients discrepancies between relative concentration of nuclides and the law of radioactive disintegration are greater. For larger coefficients, concentration above the site of release approaches mean, homogeneous concentration which satisfies the rule of radioactivity. From oceanographic and radiological view points, it is concluded that 102 cm2/s and 108 cm2/s respectively of diffusion coefficient of the vertical and horizontal directions are appropriate and reasonable in the North Pacific for the purpose of dose evaluation. A New definition of the high-level radioactive waste and other matter is given as follows (a) 10 Ci/t for b/r,. emitter (except tritium), 1 Ci/t for 90Sr plus 137Cs, (b) 104 Ci/t for tritium, (c) No long-lived a emitter may be dumped.
Introduction
There have been a number of studies concerning the evaluation of radiation dose which may be caused by dumping radioactive waste at the bottom of the ocean. Recently, WEBB and MORLEY (1973) published a report on the evaluation of deep ocean disposal of radioactive wastes in the eastern North Atlantic taking the diffusion processes into account.
The report by WEBB and MORLEY is very important among others, because the results of their study were reassessed by the Organization for Economic Co-operation and Development (OECD, 1973) , and the definition of the high level radioactive waste and other matter unsuitable for dumping at sea was given by the International Atomic Energy Agency (IAEA, 1974) on the basis of their study.
However, there are many questionable points in the WEBB-MORLEY report in regard to appropriateness in the selection of values of turbulent diffusion coefficients, the boundary condition employed and other problems concerning the safety for dumping radioactive wastes at sea. Some of the questions are pointed out in the paper in this number by two of the present authors (MIYASE and SARUHASHI, 1976b In this paper, the results of study on the relation between the concentration of radionuclide and the diffusion coefficients, using a simplified model of the North Pacific are reported.
From the oceanographic point of view and also taking the law of radioactive disintegration into account, it is concluded that appropriate values of the turbulent diffusion coefficients on the vertical and the horizontal directions are respectively 102 cm2/s and 107 to 108 cm2/s in the North Pacific.
2. The equations and assumptions used 1) In the ocean, the large-scale mixing of water takes place through advection, diffusion, convection etc., both on the horizontal and vertical directions.
When only the effect due to diffusion processes is taken into account, the following equation is usually used to calculate the concentration of a certain material at a certain point (x, y, z) and at time t when an instantaneous release is done of quantity Q (g or mole etc.) at time t=0, at a point (x=y=z=0) in a stillstanding infinite and homogeneous medium :
where Ci is the concentration of a material in an infinite medium and Ks, K., and K2 are the turbulent diffusion coefficients in the x-, y-and z-directions.
In the case of instantaneous release of 1 Ci of radionuclide at the ocean bottom, the following equation is used in place of Eq. (1) : where A is a radioactive decay constant. The right-hand side of Eq. (2) consists of three terms, i. e., the first one expressing the concentration at the cloud center which decreases according to the law of the negative 3/2 power with time, the second one expressing the concentration through the cloud which follows a Gaussian distribution and the third one concerning radioactive decay. The product of the first and the second terms (Cd) is common to all radio-. nuclides so far as the same diffusion coefficients are employed.
2) In order to evaluate the effect of radiation due to the deep sea dumping of radioactive waste at the bottom of the North Pacific, a simplified model of the North Pacific is built. 5,000 m deep, 12,000 km long in the east-west direction and 6,000 km long in the northsouth.
For the sake of simplicity, the center of the bottom is defined as a point of release as well as the origin of a coordinate system. where nx=6 2x i, ny=3 x 2x i, i=1, 2, 3.. nz=4+2, 4+2+8, 4+2+8+2, ••• 3) Since most of marine foods are produced in the surface layer of the ocean, for the sake of satety, the highest accumulated concentration in the surface layer at the steady state is estimated in order to keep the radioactivity in marine foods far below a certain dose limit to man. To estimate the surface concentration (CO, the concentration (Ce) of a radionuclide at the center of the top of the deep layer, or the point 4,000 m above the site of release, is calculated by using the above equations concerning the diffusive mixing under the given assumptions as described.
In the successive annual release of 1 Ci of a certain nuclide, the accumulated concentration (E C or Cc) of the nuclide in sea water at the location (x=y=0, z=4,000 m from the bottom) is as follows :
where, E Cd is infinite, but E C is finite and t=-1 is calculated for every nuclide concerned as given in Table  1. 3. Results and discussions 1) In Table 1 and Fig. 2 are shown the results of calculations of the accumulated concentration of Goco, 3H, 90e-,r, 226Ra and 2391Du at the above mentioned location (x= y=0, z=4,000 m) in the case of the successive annual release of 1 Ci. The calculations were carried out by using different values of the diffusion coefficients both in the vertical and the horizontal directions.
As shown in Table  1 and Fig. 1 c. As pointed out in the other report by MIYAKE and SARUHASHI (1976a) , the relation between the concentration and the radioactive decay constant is important. In this connection, it is found that in the case of K3=1 cm2/s, the concentration ratio is much different from the inverse ratios of decay constants for nuclides with a shorter half-life, while the concentration ratio is close to that of decay constants for longlived nuclides.
d. On the contrary, when K, is 102 cm2/s, the concentration ratio is nearly equal to the reciprocal of a decay constant, except for long-lived nuclides.
However, for the larger value of K and Ky of 108 cm2/s, the concentration .ratio of any nuclide becomes nearly equal to the inverse ratios of decay constants as is postulated from the law of radioactive disintegration.
2) In the next place, the relation between the diffusion coefficients and the change with time in the concentration is discussed.
The first term of Eq. (3) expressing the concentration at the center of cloud decreases with time, while the summation of the second terms increases. Consequently, , Cd exhibits a maximum in the process of variation with time. After the occurrence. of a maximum, the concentration Cd decreases monotonously but should not diminish infinitely to zero. In a closed system it must approach the homogeneous mean concentration.
In the case of the North Pacific it is Q/ W (g/cm3 or mole/cm3 etc.) where W is the total volume of water in the North Pacific (3.6 x 10" cm3).
As Ifs, Ify and if, increase, the concentration at the center of cloud gradually lowers and approaches the homogeneous concentration.
When K, increases, not only the height of the maximal peak lowers, but also the time of occurrence of a peak is shortened.
For example, when K, and Ky are 109 cm2/s and K, is 103 cm2/s, the homogeneous distribution of radionuclide attains in one year after a single release, while for K, and Ky of 108 cm2/s and K, of 102 cm2/s. it does in 20 years.
In these cases, the accumulated concentration under the annual disposal of 1 Ci is approximately expressed by the equation 3) As discussed above in detail, since results of calculation of concentration depend largely on the diffusion coefficients, the value of the diffusion coefficients should be chosen carefully so as to obtain the proper and reasonable values which are valid in the real ocean.
With respect to the vertical diffusion coefficient, in the deep ocean, various values ranging from 0.1 to 103 cm2/s have been proposed by various researchers up to the present.
In our laboratory, studies on the vertical and horizontal distributions of artificial radioactive substances such as 137Cs, "Sr, "'"°Pu and 3H in the wide area of the Pacific have been carried out extensively MIYAKE and SUGI-MURA, 1976 ; . From the results of these studies, the present authors have the conviction that the vertical turbulent diffusion coefficient in the deep layer of the Pacific is of the order of 102 cm2/s (for example, MIYAKE and SARUHASHI, 1958) .
Concerning the horizontal diffusion coefficient, it is well known that the order of diffusion coefficients depends on the size of turbulons and there is the following relation between the diffusion coefficient and the scale of diffusion phenomena (INouE, 1950 ; HANZAWA, 1953) :
When the above rule of 4/3 power of scale is applied to the size of the North Pacific, the value of the turbulent diffusion coefficient on the horizontal direction should be of the order of 109 cm2/s or more. In accordance with the above law, the horizontal diffusion coefficient of 109 cm2/s was obtained in the North Pacific by SARU-HASHI (1958, 1960) on the basis of observation of distribution of radioactive substances originated from the Bikini-Eniwetok atolls in 1954. However, as this value is available only for the surface layer of the ocean, the probable value of the mean horizontal diffusion coefficient from the bottom to 1,000 m depth may be 107 to 108 cm2/s. The latter values are 105 or more times that of the vertical diffusion coefficients of 102 cm2/s which agree well with the law of 4/3 power. In this connection, it is noticed that NAN'NITI (1976, personal communication) and KAUF-MAN et al. (1973) gave the same value as above to each diffusion coefficient.
As described above, it is to be noted that, in the case when K2 is 102 cm2/s and IG and K., are 108 cm2/s, the results of calculation of concentration di-each nuclide at the steady state are nearly equal to 1/TVA Ci/cmg, are required from the law of radioactive disintegration as well as the size of the North Pacific Ocean. This means that the calculated values of E C or C, are very close to those of the infinite summation with respect to time t of the product of the mean homogeneous concentration of nuclides at the steady state and exponential of -At.
4. The definition of the high-level radioactive waste
From the above results of calculation of concentration of each radioactive nuclide in the North Pacific, using the values of 102 cm2/s and 108 cm2/s of the diffusion coefficients respectivdly on the vertical and the horizontal direction, the definition of the high level radioactive waste and other matter not suitable for dumping at sea can be given.
In the first place, the maximum permissible concentration of each nuclide in the surface water is calculated by using the equation where MPDI is the maximum permissible daily intake of a certain radionuclide as recommended by the International Commission for Radiation Protection (ICRP) in Ci per day per person, x is a safety factor (3.3 x 10, MIYAKE and SARUHASHI, 1976) , f is an amount of daily intake of marine foods (100 g/day), and r is the concentration factor of a nuclide in marine foods (80 for "Co, 1 for 3H , 0.2 for "Sr, 1 for "GRa and 10 for "Tu). By using the value of Ca max, the limiting environmental capacity (L, Ci/y), or the maximum permissible annual rate of release is obtained when Ca is assumed to be half of C. The results of calculation are given in Table 2 .
Assuming that the upper limit of the amount of release of the solid radioactive wastes in the North Pacific is 106 tons per year in total, each L value is divided by 106 t/y which gives a criterion for the high-level radioactive waste and other matter.
Therefore, the definition by the present authors is that the high level radioactive waste and other matter is any waste or other matter with a concentration in Ci per ton exceeding a. 10 Ci/t for ph-emitter (except tritium), 1 Ci/t for "Sr plus 137Cs. b. 104 Ci/t for tritium. c. No long-lived emitter may be dumped.
The above values of criteria for the high-level radioactive waste are lower than those given by IAEA by a factor of 100 except for long-lived a emitters. According to the definition by IAEA, dumping of 2261Za of 100 Ci/y and 23913u of 10 Ci/t at one site are allowable, but according to our view the dumping at sea of any long-lived a emitter must be as strictly prohibited as mercury and chlorinated hydrocarbon compounds.
